Abstract: Field experiments determined copper and zinc content and accumulation in yellow lupine roots, stems, leaves, flowers, pods and seeds. The test factors included development stages (BBCH 65 and BBCH 90) at which harvest was performed as well as nitrogen doses (0, 30, and 120 kg·ha -1 ) introduced to the soil prior to sowing. A higher copper content (by an average of 20.9%) and zinc content (by 53.7%) were obtained in the whole mass of lupine harvested at the flowering stage compared to that at the full maturity stage. Yellow lupine fertilised with 120 kg N·ha -1 contained and took up more copper and zinc than both lupine cultivated without nitrogen fertilization and fertilised with 30 kg N·ha -1 . The application of different nitrogen doses had no significant effect on the contents of the micronutrients in the seeds of the test plant. The amount of copper and zinc accumulated in the seeds was the largest following the application of 120 kg N·ha -1 . Lupine accumulated the largest amounts of both elements in the leaves irrespective of the development stage at which the harvest was carried out. The bioaccumulation factor for copper and zinc was higher in the lupine harvested at the flowering stage than in the lupine harvested at full maturity, but it was not significantly determined by the applied nitrogen fertilization. The values of translocation coefficient for the tested heavy metals, usually higher than 1, indicate significant potential for their accumulation in yellow lupine biomass. Under conditions of an increased zinc content in the soil, lupine green matter harvested at the flowering stage contained an above-standard amount of this heavy metal and could not be used for animal feed.
INTRODUCTION
Copper and zinc are co-factors of many enzymes which are involved in physiological processes occurring in plants (Grzyoe 2004) . Copper is an essential micronutrient involved, inter alia, in the processes of photosynthesis, nitrogen compound conversions and the formation of proteins, DNA, and RNA. Both a deficiency and an excess of copper results in disturbances to these processes (Kabata-Pendias and Pendias 1999) . The symptoms of a high content of copper in plants may include growth inhibition and leaf chlorosis (Mourato et al. 2009, Kabata-Pendias and Pendias 1999) .
Zinc deficiency disrupts the metabolism of proteins, phosphates and carbohydrates as well as DNA and RNA synthesis, which results in the impaired growth and reproduction of plants (Kabata-Pendias and Mukherjee 2007) . Similar to zinc deficiency, an excessive zinc content in the soil and increased uptake by the roots leads to restricted plant development. The symptoms of excess Zn concentrations in plant biomass include chlorotic and necrotic spots on the leaves, which result from photosynthesis limitation (Kabata-Pendias and Pendias 1999).
The mobility and availability of copper and zinc depend on the plant species/genotype as well as chemical and physical properties of the soil, such as the structure, cation exchange capacity, sorption and ion exchange, water retention and movement, the soil air, the pH value of the soil, and the overall metal content (Pinto et al. 2004 , Wyszkowska et al. 2013 . Nitrogen content in mineral forms in the soil may also affect the absorption of micronutrients by plants. This is mainly due to the effect of nitrogen fertilisers on the change in the pH value of the soil in the root zone of plants (Spiak et al. 2000) . Under acidic conditions, the bioavailability of micronutrients which are of importance to agricultural production increases (Murawska et al. 2015) . Factors conducive to increasing plant availability, as well as increased content of these elements in the soil, can influence the increased uptake of plants.
The aim of the study was to determine the effect of various doses of nitrogen fertilisation and of the development stage on the content and accumulation of copper and zinc in particular organs of yellow lupine (Lupinus luteus L.) cultivated on soil with elevated zinc content, as well as values of bioaccumulation and translocation coefficient of these elements.
MATERIAL AND METHODS
The field experiment was conducted in Siedlce (N52°10'12.04'' E22°17'15.40'') in 2008 and 2011. The experiment as conducted on slightly acidic soil with granulometric composition of loamy sand. The content of selected macro-and micronutrients in the soil before the experiment was set up is shown in Table 1 . 1m 2 plots were delineated in a field of yellow lupine of the "Mister" cultivar. Two-factorial experiment was set up in the randomised split-block design, in three replications. Nitrogen fertilisation was the first factor: a) control, with no nitrogen fertilisation; b) with nitrogen applied at a rate equivalent to 30 kg N·ha -1 ; c) with nitrogen applied at a rate equivalent to 120 kg N·ha -1 . The time of harvest was the second factor (determined as per Bleinholder et al. 2001 ): a) full flowering stage, 65 BBCH (date I, marked A in table 3-11); b) full maturity stage, 90 BBCH (date II, marked B in table 3-11). Mineral nitrogen was introduced to the soil as ammonium sulphate (NH 4 ) 2 SO 4 before yellow lupine was sown. The amounts of phosphorus and potassium were established on the basis of the amounts of the available element forms in soil. Potassium was introduced to the soil in all plots at 100 kg K·ha -1 as potassium salt. Because of a very high amount of phosphorus as available forms (Table 1) , no phosphorus fertilisation was applied. Before sowing, seeds of yellow lupine were inoculated with a vaccine containing Rhizobium lupini. Sowing was performed in early April at 100 germinating seeds per 1 m 2 . Soil was sprayed with the herbicide Stomp 330 EC at a rate of 4 dm 3 ·ha -1 on the day following the sowing of lupine. Lupine plants was sprayed with Amistar 250 SC at 1.0 dm 3 ·ha -1 against anthracnose at the beginning of the budding phase; this procedure was repeated after 10 days. Plants harvested manually during the flowering stage were divided into roots, steams, leaves and flowers, whereas those harvested during the full maturity stage were divided into roots, steams, leaves, pods and seeds.
The total rainfall in individual months and mean monthly air temperature during the growing season for yellow lupine is shown in Table 2 . It shows that both growing seasons were rather favourable for the growth, development and yielding of yellow lupine. The total rainfall during the 2008 and 2011 growing seasons satisfied the plants' needs in full. However, it was not properly distributed over the months of growing. The amount of rainfall in June 2008 and in May and June 2011 was lower than required for yellow lupine, as reported by Dzie¿yc et al. (1987) . In addition to the greater water deficit during the period of intensive growth of lupine (May-June) in 2011, higher temperatures were recorded during the period than in 2008, which probably exacerbated the water deficit and decreased the yield of tested plant, presented in publication of Wysokiñski (2013) . The content of cooper and zinc in the plant material was determined by the ICP-AES method in the bulk solution obtained by mineralisation of samples at 450°C. The ash obtained by mineralisation was dissolved in HCl 6 mol·dm -3 in order to degrade carbonates and evaporated to dryness on a sand bath. A 10% solution of HCl was used to transfer chlorides to volumetric flasks (Krzywy-Gawroñska 2007) .
The results were worked out statistically with an analysis of variance. Conclusions regarding the significance of an effect of the factors under study on individual features were based on the Fisher-Snedecor F-test, and the LSD 0.05 for comparison of the calculated means were calculated by the Tukey test. Moreover, linear correlation coefficients for content, uptake of Cu, Zn and amount and percentage of nitrogen taken up by yellow lupine from the atmosphere were calculated. To these calculations the Statistica 10 PL software package (StatSoft, Tulsa, USA) was used. In addition, the bioaccumulation and translocation coefficient were calculated Using the bioaccumulation factor (BAF), the ability of plants to take up a heavy metal from the soil was described and information on its translocation from the soil solution to the above-ground parts of the plants and to the roots was obtained (Grzebisz et al. 1998, Jasiewicz and Antonkiewicz 2000) . This factor presents the ratio of a metal content in a plant to its amount in the soil.
The translocation factor (TF) was used to determine the mobility of copper and zinc in the test plants (Jasiewicz and Antonkiewicz 2000). This parameter was calculated as a ratio of copper and zinc contents in the above-ground parts to the content in the roots.
WT x
= translocation factor Cpbs (x) = content of element 'x' in the above-ground parts of the plant Cpr (x) = content of element 'x' in the roots
RESULTS AND DISCUSSION
Cooper and zinc contents of whole yellow lupine plants ranged from 5.07 to 9.69 mg·kg -1 of Cu and from 87.3 to 161.2 mg·kg -1 of Zn (Tables 3 and 5) . A higher copper content (by 20.9%) and zinc content (by 53.7%) were found in the lupine harvested at the flowering stage than in the lupine harvested at the full maturity stage (Tables 4 and 6 ). At the full flowering stage, the highest copper content was noted in the flowers (9.46 mg·kg -1 ), while the highest zinc content was noted in the leaves (190.1 mg·kg -1 ). At the full maturity stage, the highest zinc content still remained in the leaves (151.2 mg·kg -1 ), while the most copper was found in the stems (6.99 mg·kg -1 ).
Yellow lupine fertilised with 30 kg N·ha -1 contained, on average, less copper in the whole biomass than the lupine cultivated without nitrogen fertilization and fertilised with 120 kg N·ha -1 (Table 4 ). The copper content in the roots was higher following the application of 120 kg N·ha -1 compared to the copper content in the control object and following the application of 30 kg N·ha -1 . Plants harvested from the control object contained a larger amount of this element than following the application of both doses of nitrogen. The leaves contained the largest amount of copper following the application of 120 kg N·ha -1 , and the smallest amount of copper following the application of 30 kg N·ha -1 . Copper accumulation in the flowers was the highest in the control object, while the lowest was noted following the application of 30 kg N·ha -1 . An increase in nitrogen dose from 30 to 120 kg·ha -1 had no significant effect on the copper content in the stems, flowers or pods. Copper content in the seeds was not significantly different depending on the applied nitrogen fertilisation.
Yellow lupine fertilised with 120 kg N·ha -1 contained more zinc than the lupine cultivated on the control object and fertilised with 30 kg N·ha -1 (Table 6 ). Zinc content in the roots of lupine fertilised with both nitrogen doses was higher than that in the control object. A higher zinc content in the stems and leaves was noted following the application of 120 kg N·ha -1 than that following the fertilisation with 30 kg N·ha -1 and without nitrogen fertilisation. Zinc content in the flowers was the highest in the lupine fertilised with 120 kg N·ha -1 and was the lowest in the control object. Fertilisation with various nitrogen doses did not significantly differentiate the content of this micronutrient in generative organs, i.e. the pods and seeds.
The copper content in all organs and, on average, in the whole biomass of yellow lupine was higher in 2008, which was characterised by both a lower (Table 3 ). For zinc, significant differences in terms of the year were noted for the stems and leaves as well as the average content in the biomass and the obtained relationships were reverse to those noted for copper (Table 5 ). In both years of the study, no significant differences were obtained for zinc content in the roots, flowers, pods or seeds.
Yellow lupine cultivated in 2008 took up more copper and zinc than in 2011 (Tables 7 and 9 ). The contents of copper and zinc accumulated in the whole lupine biomass was higher following the application of 120 kg N·ha -1 than following the application of 30 kg N·ha -1 and on the control object (Tables 8 and  10 ). The amounts of copper and zinc taken up by lupine harvested at the full maturity stage were higher (by 64.6% and 29.1%, respectively) than those in the flowering stage. The test plant accumulated the largest amounts of both elements in the leaves, irrespective of the development stage at which it was harvested.
The application of physiologically acidic fertilisers such as ammonium sulphate (which lower the pH value of the soil) increased the content of phyto-available forms of heavy metals in the soil. The consequence of this process was an increase in the accumulation of these elements in plants (Sady and Smoleñ 2004) . In addition, increasing nitrogen doses result in more intense uptake of copper from the soil (Rabikowska and Piszcz 2004) . Moreover, positive interactions between an increasing nitrogen content and zinc content in the plant were noted (Sady and Smoleñ 2004) . A slightly different view is presented by Spiak (2000) who states that nitrogen salts introduced to the soil may either alleviate or aggravate the symptoms of zinc deficiency in plants. However, acidification of the soil results in an increase in the solubility of various chemical forms of zinc and increases its bioavailability and activity (Cury³o and Jasiewicz 1998, Mercik et al. 2003) . In the study, higher contents and larger amounts of copper and zinc were taken up by yellow lupine fertilised with 120 kg N·ha -1 than following the application of 30 kg N·ha -1 or under cultivation without ammonium sulphate fertilisation.
According to Kabata-Pendias and Pendias (1999) , the roots accumulate large amounts of copper, both in deficiency and in excess. Due to the low mobility of this element in plants, both young parts of plants and generative organs are affected by its absence (Rosada and Przewocka 2016) . As demonstrated by a study by Sêkara et al. (2005) , the copper content in the roots of lucerne was three times higher than in the stems. The obtained results of the author's own study did not confirm the above-mentioned relationships, and the copper contents in particular organs were often similar.
The experiment demonstrated that irrespective of nitrogen dose and the stage at which the harvest is performed, the leaves of lupine contained (and took up) more zinc than other organs. Sêkara et al. (2005) obtained 20% more zinc in the stems than in the roots. Shure and Macfie (2006) presented different study results which indicated the highest zinc content in the roots of soybean, while leaves contained 33% less zinc.
In order to assess the degree and direction of the translocation of copper and zinc in the test plant, their translocation and bioaccumulation factors were calculated. The bioaccumulation factor value reflected the plant's potential to take up a metal from the soil (Baran and Jasiewicz 2009 ). This factor for copper was higher in the first year of the experiment, while for zinc it was higher in the second year, and it was higher for both elements in the lupine harvested at the flowering stage than in the lupine harvested at the full maturity stage (Table 11 ). The bioaccumulation factor values for copper ranged from 0.28 to 0.48, while for zinc they ranged from 0.42 to 0.92; no significant contribution of nitrogen fertilisation to an increase in the value of this factor was noted. A study performed on eastern galega also did not confirm the effect of various doses of nitrogen fertilisation on the a ailability of heavy metals (Symanowicz et al. 2015) .
The translocation factor provides information on the possibility for translocation of metals from the roots to the above-ground parts (Ociepa et al. 2014 ). Of the two tested metals, zinc was translocated more easily than copper, which is indicated by slightly higher values of the translocation factors obtained in the two years of the study. According to the literature data, a translocation factor value > 1 indicates hyperaccumulation potential for a particular species in relation to a metal. Both own study and that carried out by Ehsan et al. (2015) confirmed such potential for lupine.
The assessment of metal contents in lupine was performed in order to determine the possibilities for the use of the produced biomass for animal feed. For copper and zinc, the following max limit values were adopted: 30 mg Cu kg -1 d.m. and 100 mg Zn·kg -1 d.m. (Kabata-Pendias et al. 1993) . Generally, copper content in lupine fell within the desired range, while zinc concentration in the lupine harvested at the flowering stage significantly exceeded the adopted standard values. Taking the obtained values into account, the lupine green fodder harvested during the study was not suitable for animal feed. The accumulation of significant amounts of zinc in lupine biomass could be an effect of the elevated content of this element in the soil. . 2. Yellow lupine harvested at the full maturity stage contained less copper and zinc but took up more of these elements than at the full flowering stage. 3. The largest amounts of copper and zinc were accumulated by yellow lupine in the leaves. 4. The application of various doses of nitrogen fertilisation had no significant effect on the values of accumulation and translocation factors for copper and zinc. A higher value of the bioaccumulation factor for copper and zinc was obtained at the flowering stage than at the full maturity stage. The translocation factor values at both development stages were similar. 5. Green fodder of yellow lupine cultivated under conditions of elevated zinc content in the soil was excessively (above the standard) contaminated with this heavy metal.
